The high-pressure behaviour of two representative palmierite-type Pb 3 (P x As 1-x O 4 ) 2 ferroelastic compounds with x = 0 and 0.80 was analyzed by combined single-crystal X-ray diffraction and Raman spectroscopy. Single-crystal diffraction measurements on the As-rich compound Pb 3 (P 0.20 As 0.80 O 4 ) 2 show that it undergoes the same macroscopic monoclinic to trigonal phase transition as previously observed in pure Pb 3 (PO 4 ) 2 but with a significantly lower transition pressure, p c = 0.90(4) GPa for x = 0.80 as opposed to p c = 1.81(1) for x = 0.0. Synchrotron X-ray diffraction experiments reveal that both compounds exhibit significant diffuse scattering in a pressure interval of ~1.5 GPa above the corresponding pressure-induced transitions, indicating the persistence of monoclinic nanodomains within the macroscopically trigonal phase above the phase-transition point, similar to the high-temperature structural state. Raman spectroscopy reveal quite distinct lattice dynamics for x = 0 and x = 0.80, indicating different pathways of pressure-driven structural alteration. The pure phosphate compound shows a displacive phase transition of thermodynamically second-order type, whereas the As-rich compound exhibits an order-disorder phase transition with multistep structural changes on the mesoscopic scale. The pressure evolution of the Pb phonon modes as well as the broadening of the X-ray diffraction peaks suggests a further pressure-induced phase transition occurring in the range 5-7 GPa for Pb 3 (P 0.20 As 0.80 O 4 ) 2 , whilst no indication for a second phase transition up to 10 GPa was observed for Pb 3 (PO 4 ) 2 .
Introduction
The quest for smart materials has been motivating the materials science community to study the structure of ferroic solid solutions. The majority of advanced functional materials possess their outstanding properties because of the existence of local ferroic distortions induced by the variation in chemistry [1, 2] . These local distortions couple on a mesoscopic scale, thus forming nanosized ferroic regions dispersed in a matrix that in average appears nonferroic. In the two main technologically important classes of ferroics: ferromagnetics and ferroelectrics, the compositional disorder may induce random local magnetic or electric fields, but in all types of ferroic materials chemical variations cause local elastic fields and subsequent local strains. In order to better understand just the effect of these local strains on the development of ferroic state and related properties, it is useful to study the structure of ferroelastic solid solutions under non-ambient conditions. To do so, requires the combination of conventional diffraction analysis with an appropriate spectroscopic method to probe the structures at different length and time scales.
Palmierite-type Pb 3 (P 1-x As x O 4 ) 2 is a textbook example of a ferroelastic material which exhibits two-mode behaviour [3] , and thus allows the study of structural transformations in ferroic solid solutions with relatively weak coupling between the chemically-distinguishable structural entities. The structure of Pb 3 (P 1-x As x O 4 ) 2 consists of isolated TO 4 tetrahedra (T = P, As) bonded to two symmetrically-distinct types of Pb atoms to form a layer-like structure (see Figure 1 ). Pb 3 (P 1-x As x O 4 ) 2 has been extensively studied at different temperatures [6] [7] [8] . On cooling it undergoes an improper para-toferroelastic phase transition from trigonal R3̅ m to monoclinic C2/c symmetry, which is preceded by the formation of dynamic ferroic clusters of displaced Pb 2+ cations with local monoclinic symmetry. High-pressure structural studies of this material have only been performed on the pure-phosphate endmember [9] [10] [11] [12] [13] [14] , which shows a pressure-induced transition of the average structure from C2/c to R3̅ m symmetry [9] [10] [11] . Our recent temperature-dependent Raman scattering investigation on palmierite-type ferroelastic Pb 3 (P 1-x As x O 4 ) 2 mixed crystals [3, 8] showed that this material exhibits a multistep structural alteration with two well-separated characteristic temperatures of transformation for the arsenate and phosphate complexes. The PO 4 tetrahedra undergo monoclinic distortions near the macroscopically determined phase-transition temperature T c , while the AsO 4 tetrahedra remain monoclinically distorted well above 4 ) 2 in high-temperature trigonal (upper plot) and low-temperature monoclinic state (bottom plot). Tetrahedra represent PO 4 3-units, small and large circles represent O 2-anions and Pb 2+ cations. Dashed lines mark the interlayer Pb2-O interactions. The figure was prepared using the VESTA software package [4] with the structural data from Ref. [5] .
T c . This sort of behaviour opens up a whole new field of potential materials applications. To better understand the underlying fundamental physics, it is important to study whether such multiscaling behaviour is also observed under pressure.
Here we report comparative X-ray diffraction (XRD) and Raman spectroscopic analyses of Pb 3 (PO 4 ) 2 and Pb 3 (P 0.20 As 0.80 O 4 ) 2 at room temperature and high pressures. The latter composition was chosen because Pb 3 (P 1-x As x O 4 ) 2 with x = 0.80 shows the most peculiar pathway of temperature-induced structural transformation in terms of deviations from that predicted by the Landau theory [6] . On the other hand, among the available As-rich Pb 3 (P 1-x As x O 4 ) 2 single crystals, Pb 3 (P 0.20 As 0.80 O 4 ) 2 seems to be the closest to the As-free endmember Pb 3 (PO 4 ) 2 in terms of similar structural state at ambient conditions: at room temperature both samples are in a ferroelastic state with space group C2/c and undergo a phase transition at similar temperatures: T c = 456 K and ~430 K for Pb 3 (PO 4 ) 2 and Pb 3 (P 0.20 As 0.80 O 4 ) 2 , respectively [3, 8] . In addition, the characteristic temperature of trigonal-to-monoclinic distortion of the major tetrahedral TO 4 chemical species is also similar for both compounds: 456 K for Pb 3 (PO 4 ) 2 and near 500 K for Pb 3 (P 0.20 As 0.80 O 4 ) 2 [3, 8] . The aim of this study was to compare the high-pressure behaviour of pure P and As-rich Pb 3 (P 1-x As x O 4 ) 2 , in particular how the T-site chemistry influences the critical point, as well as the type of pressure-induced phase transition and whether the mesoscopic-scale structural changes follow or not the alteration of the average structure.
Experimental Sample preparation
Optically homogeneous single crystals of Pb 3 (PO 4 ) 2 , and Pb 3 (Pb 0.20 As 0.80 O 4 ) 2 were grown by the Czochralski method [15] . Electron microprobe analyses (Cameca Microbeam SX100 SEM-system) at more than 50 points confirmed that the chemical compositions of the synthesised single crystals coincide within uncertainties with the nominal composition of the corresponding synthesis mixture.
Plate-like specimens with faces parallel to the cleavage plane: (001) trigonal = (100) monoclinic , were used in both HP XRD and Raman scattering experiments. The thickness of the sample was less than 20 μm, to minimise X-ray absorption and to allow twin-free crystals to be selected.
For Raman measurements and synchrotron X-ray diffraction, the samples were loaded in diamond anvil cells of BoehlerAlmax design [16] , using stainless steel gaskets. Alcohol mixtures of methanol-ethanol-water in the ratio 16:3:1 and of methanolethanol in the ratio 4:1 were used as pressure-transmitting media in the spectroscopic and diffraction measurements, respectively, ensuring hydrostaticity up to 10.5 and 9.8 GPa in the corresponding in situ experiments [17] . Pressure was determined by the rubyline photoluminescence method [18] . For laboratory single-crystal diffraction measurements a twin-free crystal was loaded into an ETH-type DAC [19] with 4:1 methanol:ethanol as the pressure-transmitting medium.
X-ray diffraction
The pressure evolution of the diffuse scattering and weak superlattice Bragg peaks was followed by synchrotron single-crystal XRD. The HP experiments were conducted at the DESY/HASYLAB F1 beamline, using a MarCCD 165 detector, incident-radiation wavelength λ = 0.5000 Å, a sample-to-detector distance of 100 mm, a step width of 1° per frame with 40 frames per measurement across the entire width of reciprocal space accessible with the DAC, and an exposure time of 120 s per frame. As the diffuse scattering became weaker at higher pressures, the exposure time was increased up to a maximum of 480 s per frame. Reciprocal-space sections were reconstructed by importing the raw data frames into the CRYSALIS™ software from Agilent Technologies.
The equation of state (EoS) for Pb 3 (PO 4 ) 2 and the pressure evolution of its spontaneous strain have been reported previously [9] . Unit-cell parameters of Pb 3 (Pb 0.20 As 0.80 O 4 ) 2 were determined by singlecrystal diffraction on a Stadi4 four-circle diffractometer automated by the Single software [20] . Eight-position centring [21] , and vector least-squares [22] fitting of the diffracted beam positions was used to determine unit-cell parameters to a precision of ~1 part in ~15000 and thus unit-cell volumes to 1 part in ~7500. Pressures were determined from the measured unit-cell volumes of a quartz crystal included in the DAC and were calculated from its EoS [23] , with an accuracy of better than 0.01 GPa.
Raman scattering
Raman spectra were collected with a Horiba Jobin-Yvon T64000 triple-grating spectrometer equipped with an Olympus BH41 microscope and a liquid-nitrogen-cooled CCD detector. The measurements were conducted in backscattering geometry with a 50 × long-working-distance objective from single-domain areas, using an incident laser wavelength of 514.5 nm. Both samples were aligned so that the incident light polarization was approximately along the same crystallographic direction of the monoclinic ferroelastic domain in each sample, resembling the scattering geometry previously used in temperature-dependent experiments at ambient pressure in which the splitting of the TO 4 bending is best resolved [3, 8] . The spectral resolution was 1.9 cm -1 , while the precision in determining the peak positions was 0.35 cm -1 . At each pressure a background spectrum was collected and subsequently subtracted from the sample spectrum in order to eliminate any signal from the pressure medium. Then the spectra were temperature-reduced to account for the influence of Bose-Einstein phonon distribution on the peak intensities. The reduced spectra were fitted with Lorentz functions to determine the peak positions, full widths at half maximum (FWHMs) and integrated intensities. The reversibility of the observed structural changes was confirmed by collecting data on decompression. For each sample two different spatial areas were probed to confirm the reproducibility of the data.
Results

X-ray diffraction
Previous diffraction measurements of the unit-cell parameters of Pb 3 (PO 4 ) 2 have shown that it undergoes a C2/c to R3̅ m phase transition at 1.81(1) GPa [10] . The new synchrotron XRD data from this sample shows that the weak superlattice peaks indicative of monoclinic symmetry remain sharp below the phase transition pressure p c , revealing no significant development of structural disorder prior to the macroscopic phase transition. The superlattice maxima clearly persist above p c up to 2.3 GPa, confirming their previous detection at 2.0 GPa by in-house X-ray diffraction measurements [12] , but above p c they become diffuse, indicating shortening of the correlation length of coherent monoclinic distortions. The diffuse scattering maxima were barely detectable in the synchrotron data collected at 2.7 GPa and were not detected with the longest possible exposures at 3.4 GPa. Structure determinations by neutron diffraction showed that between p c and ~3.5 GPa there are local disordered displacements of Pb2 atoms within the structure from their high-symmetry positions in the R3̅ m phase which become smaller on increasing pressure, and which are suppressed between 3.5 and 4.8 GPa [12] . We can therefore conclude that the diffuse scattering arises in pure Pb phosphate from ferroic nanoregions that are similar to those that are present at high temperatures in the trigonal phase [8] .
The cell parameters of Pb 3 (P 0.20 As 0.80 O 4 ) 2 determined by in-house single-crystal XRD data clearly show the same pattern of discontinuities as those previously measured for Pb 3 (PO 4 ) 2 (see Figure 2) . They indicate that Pb 3 (P 0.20 As 0.80 O 4 ) 2 undergoes the monoclinic to trigonal phase transition at p c = 0.90(4) GPa: a measurement at 0.855(6) GPa indicated a cell with significant monoclinic distortion, but the cell is hexagonal within uncertainties at 0.938(8) GPa. Above the phase transition the a unit-cell parameter shows an excess curvature with pressure which is evident at an enlarged scale (not shown). Between p c = 0.9 GPa and ~2.1 GPa this curvature yields an excess volume with respect to that expected from extrapolation of the unit-cell parameters and volume from higher pressures. Above 4 GPa the diffraction maxima of the trigonal phase exhibit significant broadening and the unit-cell parameters deviate from the trends at lower pressures, which may indicate that Pb 3 (P 0.20 As 0.80 O 4 ) 2 undergoes a further phase transition above 4 GPa.
To gain deeper insights into the pressure-induced phase transformation processes, we analysed the pressure evolution of the spontaneous strain tensor. The strain related to the ferroic phase transition can be divided into symmetry-breaking (sb) and non-symmetrybreaking (nsb) [24] . The former is strictly associated with the change in the crystal-system symmetry but leaves the unit-cell volume unchanged, while the latter is always symmetry-allowed and leads to a change in the unit-cell volume at the phase transition point. For the monoclinictrigonal phase transition the non-zero components of the spontaneous strain tensor are [12] where a m , b m , c m , and β m are the monoclinic C2/m unitcell parameters measured at a given pressure p < p c , while a t , b t , and c t are the trigonal R3̅ m unit-cell parameters in hexagonal settings for the same pressure p < p c . Additionally, the volume strain e V was calculated as e V = [3V m /4V t ]-1, where V m and V t are the corresponding measured and extrapolated volume of the monoclinic and trigonal unit cells, respectively. The estimates for the trigonal unit-cell parameters have to be obtained by fitting the measured trigonal unit-cell parameters with an appropriate EoS and then extrapolating them to the pressures where the monoclinic phase is stable. In Pb 3 (P 0.20 As 0.80 O 4 ) 2 the analysis was hampered by the small range of pressure in which we have trigonal unit-cells unaffected by the transitions; from ~2.7 GPa where there is no excess volume from the monoclinic transition, up to 3.98 GPa the highest pressure achieved before the peak broadening indicates a further transition. Therefore, we fit the trigonal unit-cell data with 3 rd -order Birch-Murnaghan EoS adapted for cell edges [25] , with the ambient-pressure unit-cell parameters fixed to the values obtained by extrapolation of the high-temperature data for the same phase [8] . This ensures consistency in the calculation of the strains from the high-pressure data with those from the high-temperature data. The analysis shows, as expected, that the symmetry-breaking strains are insensitive to reasonable choices of fitting options and values of the room-pressure parameters of the trigonal phase, because their values are dominated by the deviation of the monoclinic cell from trigonal symmetry. The non-symmetry-breaking strains are, however, sensitive to these choices but the results obtained here are consistent with high-temperature measurements on this and other lead phosphate-arsenate compositions.
The spontaneous strain components for Pb 3 (PO 4 ) 2 and Pb 3 (P 0.20 As 0.80 O 4 ) 2 derived this way are compared in with the critical exponential equal to 0.5. Second, the similarity in pressure derivatives of the corresponding symmetry-breaking strain components for the two compounds clearly indicates that the macroscopic elastic response of the structure is the same in both compounds. In addition, while the symmetry-breaking strains are required to go to zero at p c the excess curvature of the trigonal a lattice parameter over a range of pressure of at least 1 GPa above p c gives rise to non-zero nsb 22 e and volume strains above the transition, within the stability field of the trigonal phase (Figure 3) . The same pattern of non-symmetrybreaking strains has been measured above the monoclinic to trigonal transition at high temperatures [8, 15] where it is associated with excess heat capacity and diffuse X-ray diffraction maxima attributed to local ordering of the Pb2-displacements within a metrically trigonal structure.
The synchrotron X-ray diffraction patterns of Pb 3 (P 0.20 As 0.80 O 4 ) 2 (see Figure 4) reveal the same pressureinduced structural changes as seen in the pure phosphate [12] . Below the transition pressure the superlattice reflections are allowed by the C2/c symmetry and they are strong and sharp. These superlattice spots are forbidden by the R3̅ m symmetry but some are still present as diffuse maxima above p c . The diffuse spots were detected at 2.1 GPa but at the next data point at 2.9 GPa and at higher pressures they were no longer detectable even with the longest exposures possible. This indicates that between p c and at least 2.1 GPa the structure still contains nanoregions with local distortions with the monoclinic pattern and, as at high temperatures [8] , the presence of diffuse scattering is associated with the excess of non-symmetrybreaking and volume strains above p c (see Figure 3) .
Raman scattering
To elucidate the atomistic origin of the similarities and disimilarities in the pressure behaviour of Pb 3 (PO 4 ) 2 and Pb 3 (P 0.20 As 0.80 O 4 ) 2 we have followed the pressure evolution of the phonon modes by Raman spectroscopy. Figure 5 shows the Raman scattering of Pb 3 (PO 4 ) 2 and Pb 3 (P 0.20 As 0.80 O 4 ) 2 at selected pressures up to 9.9 GPa. The peak assignment is based on lattice-dynamics calculations at ambient pressure hk reconstructed in R3̅ m from synchrotron single-crystal X-ray diffraction data of Pb 3 (P 0.20 As 0.80 O 4 ) 2 at 0.9 GPa (120 s/frame) and 2.1 GPa (480 s/frame). Positions of some superlattice spots that occur in triplets around the tails of hkl (all integer) Bragg spots are indicated by circles. [26, 27] . For both compounds fewer peaks than predicted by group theory for C2/c and more than predicted by group theory for R3̅ m are observed at all pressures [26] . As can be seen, all types of phonon modes are affected by pressure: TO 4 stretching modes in the range 750-1050 cm -1 , TO 4 bending modes in the range 300-550 cm -1 , external TO 4 rotation and translation modes in the range 100-250 cm -1 , as well as the vibrational modes of Pb1 and Pb2, which dominate the ranges 30-45 cm -1 and 50-85 cm -1 respectively. Figure 6 shows the Pb-phonon wavenumbers as functions of pressure. Less number of peaks between 40 and 70 cm -1 were resolved for x = 0 than for x = 0.80 most probably because the compositional disorder on the T site broadens the Pb-related Raman peaks. All of the Pb phonon modes in Pb 3 (PO 4 ) 2 exhibit anomalies at the critical pressure: (i) the lowest-energy soft mode, activated at the temperature-induced trigonal-to-monoclinic phase transition, disappears at p c , revealing a classical displacive phase transition (ii) the modes composed mainly of vibrations within the Pb-PO 4 layers (in-plane modes) soften when approaching p c ; and (iii) the mode which is comprised mainly of Pb2 vibrations along the direction perpendicular to the Pb-PO 4 layers (out-of-plane vibrations) has a kink at p c . It is worth noting that the latter mode also has a slight minimum at 1 GPa, at which the decrease in wavenumber of the soft mode is enhanced. The in-plane Pb2 mode near 55 cm -1 seems to reach a minimum near 2.7 GPa, which is between the macroscopic phase-transition pressure p c and the pressure at which the X-ray diffuse scattering disappears. It has to be underlined that the number of symmetry-allowed modes related to Pb in R3̅ m is two [26] , but five Pb-localized modes could be resolved up to 9.9 GPa, indicating the persistence of monoclinic-type Pb displacements on the local scale of a few unit cells.
In strong contrast to the pure phosphate endmember, none of the Pb modes in Pb 3 (P 0.20 As 0.80 O 4 ) 2 are affected by the macroscopic phase transition. No classical soft-mode behaviour was observed, indicating that the phase transition should have predominantly order-disorder character. Several anomalies in the pressure dependencies of the Pb phonon modes are observed above p c , demonstrating apparent multistep structural alteration: ω(p) of the out-of-plane Pb2 mode has a kink at 1.3 GPa, followed by a kink at 2.1 GPa in the higher-energy in-plane Pb2 mode, then a minimum at 5.2 GPa in the lower-energy in-plane Pb2 mode, and finally a deeper minimum at 6.5 GPa of the in-plane Pb1 mode. This may indicate another phase transition near 6.5 GPa. Broadening of the diffraction peaks above 4 GPa was detected in the single-crystal diffraction measurements and is consistent with a further high-pressure transition, but unfortunately the broadening of itself prevented data from being collected above 5 GPa.
The pressure dependencies of the wavenumbers of external TO 4 modes are shown in Figure 7 . At higher pressures two additional Raman peaks were detected in the range 90-210 cm -1 for both compounds. This may indicate a structural alteration but enhancement of the Raman intensity of existing phonon modes may result from the change in the optical properties of the diamond anvils under pressure. Hence, our discussion will be restricted to the Raman peaks that were already resolved at ambient pressure. For both compounds the macroscopic phasetransition pressure is seen in the pressure trend of the Raman scattering between 110-160 cm -1 , arising from translational and rotational modes of TO 4 [26, 27] . This suggests that the pressure-induced change in the point group symmetry is realized mainly via Pb-TO 4 interactions leading to rearrangements of the TO 4 units around the Pb atoms to accommodate the corresponding symmetry of the global structure. The external TO 4 modes in Pb 3 (P 0.20 As 0.80 O 4 ) 2 show another anomaly at 2.5 GPa, in the pressure interval at which the X-ray diffuse scattering from monoclinic Pb2 displacements coupled on the mesoscopic scale vanishes. For Pb 3 (PO 4 ) 2 this diffuse scattering is not detectable at 3.4 GPa, corresponding to the pressure at which Pb2 displacements from the triad become zero [11] , which matches the kink at 3.3 GPa observed for the phonon mode near 150 cm -1 . This indicates that the coupling between Pb2 atoms, responsible for their ordering and ultimately the transition from the high-pressure trigonal to low-pressure monoclinic symmetry, is moderated through interactions with the TO 4 units.
The overlapping of the Raman peaks in the range 100-250 cm -1 hinders the unambiguous distinction between AsO 4 and PO 4 external modes in Pb 3 (P 0.20 As 0.80 O 4 ) 2 . However apparent two-mode behaviour is observed for the internal (bending and stretching) TO 4 modes. Measurements on the Pb 3 (P 1-x As x O 4 ) 2 endmembers at ambient pressure indicate that the symmetric PO 4 bending mode generates Raman scattering near 535 cm -1 , whereas the corresponding AsO 4 mode is near 400 cm -1 . The antisymmetric PO 4 bending gives rise to Raman scattering near 395 cm -1 , while the antisymmetric AsO 4 bending to 315 cm -1 (see Figure 5) . Because of the overlap of symmetric AsO 4 bending and the antisymmetric PO 4 bending, unambiguous interpretation of the symmetric TO 4 modes in both compounds is not possible. We therefore only consider the pressure evolution of the antisymmetric bending modes of the dominant TO 4 unit: PO 4 in Pb 3 (PO 4 ) 2 and AsO 4 Pb 3 (P 0.20 As 0.80 O 4 ) 2 (see Figure 8a) . As in the case of the temperature-driven structural transformations, the splitting of the antisymmetric PO 4 bending mode disappears at the pressure-induced monoclinic-trigonal phase transition for x = 0, whereas for x = 0.80 the splitting of the antisymmetric AsO 4 bending mode persists up to 4.5 GPa. Furthermore, for x = 0 the pressure dependence of the wavenumber splitting can be fit by a power function with a critical exponential equal to 0.5 within uncertainties (see Figure 8b) , revealing a typical second-order phase transition in terms of the Landau theory. For x = 0.80 the wavenumber splitting shows a linear behaviour with pressure with two distinct slopes in the range 0-1.6 GPa and 1.6-4.5 GPa, a typical multistep behaviour. It should be mentioned that up to 1 GPa, where the out-of-plane Pb2 mode in pure lead phosphate has a kink (see Figure 6 ), the splitting of the PO 4 mode for x = 0 coincides with the splitting of the AsO 4 mode for x = 0.80 (Figure 8b ). This emphasises the importance of Pb2-O interactions along the trigonal ternary axis for the displacive type of the macroscopic phase transition.
The pressure evolution of the wavenumbers ω of TO 4 stretching modes is shown in Figure 9 . Above 3 GPa all of the stretching modes in both compounds show linear behaviour of ω(p) and dω/dp of the stretching phonon modes of the dominant TO 4 unit increases in the order: symmetric stretching, in-plane antisymmetric stretching, out-of-plane antisymmetric stretching. For Pb 3 (PO 4 ) 2 all stretching modes deviate from linear trends below p c with the deviation being strongest for the in-plane antisymmetric TO 4 stretching. In addition, the FWHM of both in-plane and out-of-plane antisymmetric PO 4 stretching modes has a well pronounced maximum at p c for x = 0 (see Figure 10 ). The FWHM of the symmetric PO 4 stretching modes gradually decreases up to ~3.5 GPa (above which pressure the X-ray the Pb2 displacements disappear [11] ) and then become constant. Therefore the pressure evolution of the FWHMs suggests that the antisymmetric PO 4 stretching modes assist the change in the global symmetry, while the symmetric PO 4 stretching assists the mesoscopic-scale decoupling of monoclinically shifted Pb2 atoms. At higher pressures the FWHM of the symmetric PO 4 stretching has a kink at 5 GPa, i.e. close to the pressure of Pb rearrangement in the host matrix, detected by Raman spectroscopy (see Figure 6) , which supports the conclusion that there is a second pressure-induced phase transition in Pb 3 (P 0.20 As 0.80 O 4 ) 2 . The fact that no anomaly was observed near 5 GPa for the symmetric AsO 4 stretching, suggests that the transition does not involve significant changes in the bond strengths of the AsO 4 tetrahedra.
Conclusions
The overall picture of the high-pressure structural evolution of the palmierite-type Pb 3 (P x As 1-x O 4 ) 2 solid solution that now emerges from the data presented here has strong similarities with the behaviour at high temperatures. The key to understanding the complex behaviour we have observed is that the monoclinic phase is stabilised by the stereochemical activity of the lone-pair electrons on the Pb2 atoms, which give rise to displacements of these atoms from the triad axes which break the trigonal symmetry [8] . These displacements of the Pb2 atoms and the associated structural response of the tetrahedra and Pb1 atoms results in an increase in the unit-cell volume of the structures. Therefore, as pressure is reduced on the trigonal phase the energy cost associated with the volume increase caused by displacements of the Pb2 atoms will be decreased, and displacements will become possible, at least locally, and ordered monoclinic nanodomains are developed within the structure of average trigonal symmetry. Interactions between the Pb2 atoms are stronger within the (001) trigonal layers ( Figure 1 ) than perpendicular to them [10] . Therefore local ordering of Pb2 displacements first occurs within (001) trigonal layers, as evidenced by the development of diffuse scattering, which is elongated along c The pressure-dependent behaviour of the internal and external TO 4 modes show that the coupling between the Pb2 atoms is mediated by interaction with the TO 4 tetrahedra, as it is at high temperatures [8] . In particular, the PO 4 internal modes show no signs of internal tetrahedral distortions; they accommodate the Pb2 displacements by rigid rotations. In contrast, the persistence of splitting of the AsO 4 internal Raman modes at pressures well in excess of p c indicates that they partly accommodate the local Pb2 displacements by internal distortions. Therefore the PO 4 tetrahedra are more effective than the AsO 4 at 'transmitting' the displacement signal from one Pb2 atom to the next. Thus the coupling between Pb2 atoms in Pb 3 (P 0.20 As 0.80 O 4 ) 2 , is weaker than in the pure Pb 3 (PO 4 ) 2 . This explains why the local monoclinic nanodomains and then the macroscopic phase transition to monoclinic global symmetry occurs at lower pressures in the Pb 3 (P 0.20 As 0.80 O 4 ) 2 than in the pure phosphate.
In summary, the high-pressure behaviour of Pb 3 (P x As 1-x O 4 ) 2 and its transition from trigonal to monoclinic symmetry is driven by the development of stereochemical activity of the lone-pair electrons associated with the Pb atoms on the Pb2 site [8] , which leads to displacements of the Pb2 atoms from the triad axes. Coupling between these displacements, mediated by the PO 4 and AsO 4 tetrahedra, leads first to local ordering (with a longer length scale in the structural sheets than perpendicular to them), and then to symmetry-breaking on a macroscopic scale. In the pure phosphate endmember, the distortions of the PO 4 tetrahedra follow the overall macroscopic behaviour of the material, resulting in predominantly displacive ferroic phase transition, and the diffuse scattering in the paraelastic phase is due to ferroic nanoregions defined by the correlated displacements of Pb2 atoms. In the As-rich compound Pb 3 (P 0.20 As 0.80 O 4 ) 2 the nanoregions involve not only Pb2 displacements but distortions of the AsO 4 tetrahedra, resulting in order-disorder ferroelastic-paraelastic phase transition followed by multistep structural alteration. Our results therefore clearly show that the two-mode atomic dynamics of palmierite-type lead phosphate-arsenate solid solution is not suppressed by quite significant pressures. The persistence of intrinsic two-mode behaviour at different temperatures and high pressures not only opens up the opportunity to tailor interactions and thus properties of materials with a precision not available in conventional single-mode systems, but also provides additional probes of the details of interatomic interactions in ferroic systems.
